We have previously shown that precursor mRNAs (premRNAs) of serine/arginine-rich (SR) proteins are extensively alternatively spliced to generate approximately 100 distinct splice variants from 14 SR genes and that the splicing pattern of SR pre-mRNAs changes in different organs and in response to abiotic stresses. About half of the splice variants are potential targets of nonsense-mediated decay (NMD) and 25 splice forms were confirmed to be real NMD targets. However, it is not known whether (i) all splice variants are recruited to polysomes for translation; (ii) there is a preferential recruitment of specific splice isoforms to polysomes; and (iii) there is a differential recruitment of splice variants during development and in response to stresses. To address these questions, we analyzed the association of SR splice variants with polysomes from seedlings, different organs and seedlings exposed to heat and cold stress. In seedlings, about one-third of the splice variants (22 out of 72) are not recruited to polysomes. Among those associated with polysomes, the functional isoforms that code for fulllength proteins and some candidate putative and confirmed NMD targets were identified. There was preferential recruitment of some splice forms over others. Predominant recruitment of functional isoforms along with a few NMD candidates was found in different organs. Furthermore, we observed differential recruitment of isoforms in different organs. Heat and cold stress enhanced or reduced recruitment of specific splice variants. Our studies reveal differential recruitment of SR splice variants to polysomes under normal conditions, during development and in response to stresses.
Introduction
Most protein-coding genes and many non-coding genes in plants contain introns, which are excised to generate mature transcripts (Syed et al. 2012 , Reddy et al. 2013 . Recent transcriptome-wide analyses using next-generation sequencing (RNA-seq) have shown that pre-mRNAs from >60% of intron-containing genes in plants are alternatively spliced to produce multiple mRNAs (reviewed in Reddy et al. 2013) . Alternative splicing (AS) greatly enhances the transcriptome complexity, and multiple splice variants from a gene may encode distinct proteins and/or contribute to gene regulation (Kalsotra and Cooper 2011, Reddy et al. 2013) .
Serine/arginine-rich (SR) proteins, a family of non-small nuclear ribonucleoprotein (snRNP) spliceosomal proteins, are one of the key regulators of both constitutive and AS of pre-mRNAs (Long and Caceres 2009, Reddy and Shad Ali 2011) . This family of proteins has one or two RNA recognition motifs (RRMs) at their N-terminus that are primarily involved in binding to target RNAs and an SR-rich domain in their C-terminus that functions in protein-protein interactions (Barta et al. 2008, Manley and Krainer 2010) . Plants have many more SR proteins (up to 25) compared with humans, which have 12 SR proteins (Manley and Krainer 2010 , Reddy and Shad Ali 2011 , Rauch et al. 2014 . Plant SR proteins are grouped into six subfamilies (SR, SC, SCL RS, RSZ and RS2Z) and three of these SR subfamilies (RS, RS2Z and SCL) are plant specific (Barta et al. 2008) . Pre-mRNAs of SR proteins in plants are extensively alternatively spliced (Lopato et al. 1999 , Lazar and Goodman 2000 , Isshiki et al. 2006 , Palusa et al. 2007 , Reddy and Shad Ali 2011 , Rauch et al. 2014 . Furthermore, AS of plant SR pre-mRNAs is much higher compared with animal SRs (Lareau et al. 2007 , Palusa et al. 2007 , Rauch et al. 2014 . In Arabidopsis, the transcriptome complexity of SR pre-mRNAs is increased by about 6-fold due to AS. The splicing pattern of SR pre-mRNAs changes in different organs and in response to abiotic stresses. Also, the abundance of different splice variants for each SR gene is quite variable. Sequence analysis of all SR splice variants from Arabidopsis has revealed that >50 putative proteins can be produced, many of which lack one or more domains (Palusa et al. 2007 ). AS, apart from generating protein diversity, plays an important role in regulating the amount of functional protein by controlling the levels of functional and non-functional mRNAs through nonsense-mediated decay (NMD) and recruitment of transcripts to translation (Ni et al. 2007 , Pan et al. 2008 , Wang et al. 2008 , Palusa and Reddy 2010 , Juntawong et al. 2014 . About 55 SR splice variants in Arabidopsis contain a premature termination codon (PTC) and half of the PTC-containing splice forms were confirmed to be the targets for degradation through NMD (Palusa and Reddy 2010) . It is known that the presence and abundance of an mRNA in the transcriptome does not correlate well with the level of the encoded protein in the proteome, and this is partly due to translational control (Gygi et al. 1999 , Ideker et al. 2001 , Pierrat et al. 2007 , Hershey et al. 2012 . Differential translational efficiency among splice variants has also been reported (Shalev et al. 2002 , McClelland et al. 2009 , Cavatorta et al. 2011 , Remy et al. 2014 . Although a vast number of distinct SR splice variants are produced by AS, it is not known if all splice variants are recruited to polysomes for translation and if there is a preferential recruitment among the recruited isoforms. Also, it is not known if abiotic stresses such as cold and heat, which alter the splicing pattern of SR premRNAs, affect recruitment of specific splice variants for translation. Bridging the gap between SR transcript diversity and protein complexity requires a closer examination of association of their splice variants with polysomes. Translated mRNAs are associated with polysomes; therefore, the translation status of mRNAs can be analyzed by monitoring their association with polysomes. In fact, the association of a transcript with polysomes, which is referred to as polyribsome profiling, has been widely used as a proxy to measure the translational status of mRNAs in tissues and cell types (Tzamarias et al. 1989 , Kawaguchi et al. 2004 , Zanetti et al. 2005 , Mustroph et al. 2009 , Hershey et al. 2012 , Reynoso et al. 2013 , M.J. Liu et al. 2013 , Juntawong et al. 2014 . Previously, Ner-Goan et al. (2004) analyzed the association of some intron-retained transcripts with polysomes and showed that a subset of the tested transcripts with introns are recruited to polysomes. Here we analyzed the association of all mRNA isoforms of SR genes with polysomes in seedlings, different organs and in seedlings subjected to heat and cold stress using the translating ribosome affinity immunopurification (TRAP) method (Zanetti et al. 2005 , Juntawong et al. 2014 . Our results show the many splice variants are not associated with polysomes and that there is differential recruitment of splice variants to polysomes in seedlings, different organs and in response to stresses.
Results and Discussion
Recruitment of SR splice variants to polysomes in 2-week old seedlings Total RNA represents the cellular RNA output of the nucleus and immunopurified polysomal RNA represents the mRNAs engaged in translation. To isolate mRNAs associated with polysomes we immunopurified polysomes from seedlings of a transgenic line expressing a His 6 -FLAG dual epitope-tagged ribosomal protein 18 (HF-RPL18) using FLAG antibody followed by RNA purification from the polysomes (Zanetti et al. 2005 , Mustroph et al. 2013 , Juntawong et al. 2014 . Total RNA was also isolated from the same stage seedlings of the HF-RPL18 line. As shown in Supplementary Fig. S1 , 28S and 18S rRNAs are present in polysomal RNA isolated from immunopurified polysomes from HF-RPL18 transgenic lines but not in wild-type control plants. To monitor the recruitment of SR splice variants to translation, we analyzed the presence and abundance of SR mRNA isoforms associated with polysomes and compared them with total RNA using primers specific to each SR gene. We have previously shown that 14 of the 18 Arabidopsis SR genes are alternatively spliced (Palusa et al. 2007 ). Hence, we analyzed recruitment of splice variants from those 14 SR genes. If all splice variants of an SR gene are translated, we expect to see all of them in the polysomal fraction. Furthermore, the abundance of each isoform in the polysomal fraction should be similar to their level in total RNA if there is no preferential recruitment of specific isoforms. Of the 72 splice variants produced in 2-week-old seedlings, about one-third of the SR splice variants are not associated with polysomes ( Fig. 1 , see bands marked with asterisks; Supplementary Table S1) . Only a few recruited isoforms showed similar levels in both total and polysomal RNA. All splice variants of only three SR genes (SR30, SR34a and SR34b) are recruited ( Fig. 1) . Interestingly, functional transcripts of all SR genes (indicated with a horizontal arrow in Fig. 1 ) were recruited to polysomes, suggesting that the functional isoforms are translated into proteins. The only exception is that one of the two functional isoforms (the longer transcript) of SC35 is not associated with polysomes ( Fig. 1) . The difference between these two isoforms is retention of a last intron in the 3 0 -untranslated region (UTR) of the non-recruited form (Palusa et al. 2007) , which may have a regulatory role in its recruitment. It has been shown that splice variants that differ in UTRs and not in the coding region regulate translational efficiency of splice variants (Shalev et al. 2002 , McClelland et al. 2009 , Cavatorta et al. 2011 , Remy et al. 2014 . Many PTCcontaining splice variants, which are indicated as 'P' and 'N' in Fig. 1 , including those confirmed to be the targets of NMD (indicated with an 'N' in Fig. 1 ), are recruited and some are even enriched in polysomal RNA (see SCL33, SCL30a, RS31a and RS2Z32 in Fig. 1 ). Among the polysomal-associated isoforms, some are more abundant (indicated with an upward arrow) whereas some are less abundant (denoted with a downward arrow) as compared with their abundance in total RNA (see Fig. 1 ). The PTC-containing transcripts that are recruited or enriched in the polysomal fraction (Fig. 1) may encode truncated proteins.
Of the SR subfamily splice variants, all except one splice form of SR34 are associated with polysomes ( Fig. 1, asterisk) . Although a majority of the alternatively spliced forms of SR34 are generated by differential splicing of intron 10 (Palusa et al. 2007) , only one isoform (No. 5) that utilizes an alternative 5 0 splice site is not recruited to polysomes. In the other SR subfamilies (SC, SCL, RS2Z and RS), many specific splice variants are not recruited to polysomes (see asterisks in Fig. 1 ). Among the putative PTC-containing forms, only some are preferentially recruited onto polysomes (Fig. 1, see SCL33 and RS31a), suggesting that they may produce truncated proteins. Those that are not present in polysomal RNA are either not recruited to translation or are subjected to rapid degradation through NMD during the pioneering round of translation. Several of these PTC-containing transcripts were previously shown to be accumulated in a mutant that is impaired in NMD (Palusa and Reddy 2010) , confirming that the isoforms that are not associated with polysomes may regulate the levels of functional mRNA.
Recruitment of SR splice variants to polysomes in different organs
To analyze recruitment of SR splice variants to polysomes in roots, stems, leaves and flower, we used cDNA prepared from total cellular RNA and polysomal RNA from these organs and performed PCR with SR primers. As shown in Fig. 2 , the presence and abundance of different splice forms is dramatically different as compared with total RNA. In all organs, the smallest functional isoform is highly recruited for translation (Fig. 2) . Fig. 1 Splice variants of Arabidopsis serine/arginine-rich (SR) genes in total and polysomal RNA from 2-week-old seedlings. Total and polysomal RNA from 35S:HF-RPL18 transgenic lines was isolated as described in the Materials and Methods. DNase-treated total and polysomal RNA was used to prepare cDNA. An equal amount of cDNA was used in PCR with SR gene primers. An equal amount of template in each reaction was verified by amplifying a constitutively expressed cyclophilin gene. The names of the SR genes are indicated at the left of each panel. Upward-or downward-facing arrows show splice variants that are increased or decreased in the polysomal RNA fraction, respectively. Asterisks indicate splice variants that are present in total RNA but are not associated with polysomes. Horizontal arrows indicate splice forms that encode a fulllength protein. N, a PTC-containing transcript that was confirmed to be the target of NMD using the UPF3 mutant (Palusa and Reddy 2010); P, splice variant with a PTC but which is not accumulated in the UPF3 mutant.
The recruitment of this functional isoform is different in different organs (see SCL33, RS40 and RS41 in Fig. 2) . Although the smallest functional isoform of RS40 is about equal in all organs in total RNA, its level is much more abundant in polysomal RNA of roots and stem as compared with leaves and flowers (Fig. 2) . The RS41 functional transcript was recruited in all organs, but more so in stem as compared with other organs. These results suggest differential recruitment in different organs. In the case of the SR34b functional transcript, recruitment was relatively less in all organs as compared with total RNA, and a short isoform was more abundantly recruited than the functional transcript particularly in the stem. Many splice forms with a PTC are not associated with polysomes, suggesting that they many not produce protein, but may play a role in regulating the level of functional mRNA by controlling mRNA stability. However, among the recruited PTC-containing transcripts, only some are recruited in all organs equally (e.g. compare RS2Z32 with RS40 in Fig. 2) , suggesting differential recruitment of PTC-containing splice variants in different organs. The presence of high levels of several PTC-containing transcripts in polysomes indicates that they may produce truncated proteins. A recent study has shown that a PTC-containing transcript of the HsfA2 transcription factor can produce a truncated protein with a biological role in the heat shock response (J. ). Some of the splice variants that are associated with polysomes in seedlings are not recruited to polysomes in different organs (compare SR34, SCL33 and RS2Z33 in Figs. 1, 2) , indicating differential recruitment of splice variants in seedlings and various organs.
Abiotic stresses (heat and cold) affect the recruitment of SR splice variants
The polysomal profiles of mRNAs under normal conditions and in response to different environmental stresses including heat, cold, hypoxia, dehydration and salinity have been reported (Kawaguchi et al. 2004 , Branco-Price et al. 2005 , Branco-Price et al. 2008 , Park et al. 2012 , Juntawong et al. 2013 , Matsuura et al. 2013 ). Genome-wide polysomal analysis to study the effect of heat stress on translation of mRNAs revealed that the association of 50% of mRNAs with polysomes is decreased in heattreated Arabidopsis seedlings (Yanguez et al. 2013) . However, the impact of stresses on recruitment of splice variants is poorly understood. Here, we analyzed the effect of two abiotic stresses (heat and cold) on the recruitment of SR splice isoforms to polysomes. Heat and cold have been shown to modulate AS of several SR and SR-like genes (Lazar and Goodman 2000 , Palusa et al. 2007 , Tanabe et al. 2007 . To analyze the effect of heat and cold on recruitment of splice variants of SR genes, we exposed 2-week-old 35S:HF-RPL18 seedlings to heat or cold (Palusa et al. 2007 ) and used total and polysomal RNA to monitor the translational status of splice isoforms. Recruitment of splice variants of several SR genes to polysomes was affected by heat or cold treatment. As shown in Fig. 3 , the functional isoform of three out of four (SR30, SR34 and SR34a) members of the SR family is much more abundant in polysome-associated RNA of heat-and cold-treated seedlings. Several isoforms associated with polysomal RNA in the control are not recruited in seedlings subjected to heat or cold stress (See the SR subfamily in Fig. 3 ). In the case of SR34, one splice variant is recruited to polysomes only in heat-treated seedlings (Fig. 3) . Differential recruitment of SR34b splice variants in response to heat and cold was also observed. In the SCL family, new splice variants of SCL33 that are produced in response to cold are not recruited to polysomes, indicating that it may have a regulatory role in controlling the amount of functional mRNA. The functional isoform of SCL33 is much more abundant in heat-treated seedlings.
A majority of intron-containing genes in plants are found to generate multiple transcripts (Reddy et al. 2013) . It is thought that part of this increased transcriptome complexity contributes to proteome diversity. However, it is not known what fraction of splice variants is translated. Here, we analyzed which isoforms of SR genes are engaged in translation by monitoring splice variant association with polysomes. Our study reveals that some splice variants may not be translated, and hence may not contribute to proteome diversity. In support of this, a previous study with another set of transcripts with retained introns also revealed that some of them are not associated with polysomes (Ner-Gaon et al. 2004 ). Our results also show that some PTC-containing transcripts are associated and enriched in the polysomal fraction, suggesting that they may encode truncated proteins with a biological role. Since all SR proteins are modular proteins with different functional domains, truncated proteins may have altered functions. In support of this, dominantnegative effects of truncated SR proteins on splice site selection have been reported (Caceres et al. 1997, Zhu and Krainer 2000) .
The presence of high amounts of some splice variants in the polysosmal fraction as compared with other isoforms suggests that AS might contribute to translational regulation of splice variants. Differential recruitment of SR splice isoforms suggests that multiple mRNA isoforms generated from a gene may have different affinities for translation. A striking observation from this study is that of all isoforms from an SR gene, the functional isoform, which is always the shortest transcript except in the case of SR34b, is highly recruited to polysomes. The splice variants produced by AS in Arabidopsis are always longer isoforms, which are mostly generated by retention of a full intron or part of an intron, and showed either no association or poor association with polysomes. These results suggest that the additional RNA sequences present in the splice variants prevent or reduce recruitment of splice variants to polysomes. Alternatively, it is possible that the splice variants that are not associated with polysomes are retained in the nucleus. It was shown that aberrant mRNAs containing a PTC and features of NMD are more abundant in nucleolar fractions (Kim et al. 2009 ). However, nuclear retention of specific splice variants of SR genes is less likely as all isoforms including known targets of NMD (Palusa and Reddy 2010) and those that contain features of NMD of some SR genes (see SR30, SR34b, SCL33 in Fig. 1) are associated with polysomes. The isoform-specific recruitment of transcripts to the translation machinery may be regulated depending on the cellular needs. Preferential recruitment of some isoforms under heat (e.g. an isoform of SR34 was recruited only under heat stress, which was not recruited in the seedlings and tissues and under cold stress) suggests a distinct role for specific SR transcript isoforms in plants under a particular stress. Recently, Juntawong et al. (2014) investigated translational regulation under stress conditions in Arabidopsis seedlings using ribosomal footprinting. Their study also indicated alterations in the recruitment of mRNA isoforms to the polysomes of some SR genes in control as well as under hypoxia stress. In animals, exon Fig. 3 Effect of heat or cold stress on polysomal-associated splice variants of SR genes. Two-week-old 35S:HF-RPL18 transgenic seedlings were treated with heat at 38 C for 6 h, and cold at 4 C for 24 h. Total and polysomal RNA from 35S:HF-RPL18 transgenic lines treated with the above stresses and control samples were used for RT-PCR. An equal quantity of first-strand cDNA was used in PCR with primers specific to each SR gene. An equal quantity of template in each reaction was verified by amplifying a constitutively expressed cyclophilin. Asterisks indicate splice variants that are present in total RNA of seedlings subjected to stress but are not associated with polysomes. Horizontal arrows indicate splice forms that encode a full-length protein. The name of the SR gene is shown on the left of each panel.
skipping is common (Pan et al. 2008) , and intron retention is prevalent in plants (Reddy et al. 2013) . In animals, exon-skipped isoforms were more enriched in polysome fractions (SterneWeiler et al. 2013 ). The present study results show that many of the intron retention mRNA isoforms (longer isoforms) are not recruited or are decreased on the polysomes. In yeast, using ribosome footprinting, it has been shown that mRNA isoforms with shorter coding regions are translated more efficiently (Ingolia et al. 2009 ). Preferential recruitment of SR short isoforms (mostly the constitutively spliced isoforms) to polysomes in seedlings and tissue organs and under stresses also indicates that shorter isoforms are probably translated more efficiently. In conclusion, this study showed that many splice variants are not associated with polysomes and that there is differential recruitment of splice variants to polysomes in seedlings and different organs, and in response to stresses.
Materials and Methods

Plant material
Arabidopsis thaliana 35S:HF-RPL18 transgenic line [expressing RPL18 fused to a His 6 -FLAG dual tag under the control of the Cauliflower mosaic virus (CaMV) 35S promoter] seedlings were grown on Murashige and Skoog (MS) medium (Gibco BRL, http://www.invitrogen.com/) plates as described earlier (Zanetti et al. 2005) . Two-week-old seedlings were collected and used for isolation of total RNA and polysome-associated RNA from immunopurified polysomes (see below). To analyze recruitment of SR splice variants to polysomes in different organs, A. thaliana 35S:HF-RPL18 transgenic lines were first grown on MS medium as described above. After 2 weeks, seedlings were transferred onto soil, grown for 5 weeks and then the root, stem, leaves and flowers were collected. For the heat and cold treatment, 2-week-old 35S:HF-RPL18 transgenic seedlings grown as above on agar plates were used. For the heat treatment, seedlings were placed in MS medium and incubated at 38 C for 6 h. For the cold treatment, seedlings were placed in the MS medium and incubated at 4 C for 24 h.
Immunopurification of polysomes
Polysomes were isolated from 2-week-old seedlings, different organs and after heat and cold stresses from 35S:HF-RPL18 seedlings using the TRAP method as described earlier (Zanetti et al. 2005 , Mustroph et al. 2013 , Juntawong et al. 2014 ) with minor modifications. A 500 mg aliquot of tissue was ground in liquid N 2 and homogenized with 1 ml of PEB buffer [200 mM Tris-HCl, pH 9.0, 200 mM KCl, 25 mM EGTA, 36 mM MgCl 2 , 5 mM dithiothreitol, 50 mg ml . All procedures were carried out at 4 C. Homogenates were clarified by centrifugation at 16,000Âg for 10 min and supernatant, at approximately 200 OD 600 , was collected and incubated with 75 ml of EZ-View TM Red anti-FLAG agarose beads (Sigma) at 4 C for 2 h with gentle shaking. Beads were then washed with wash buffer (200 mM Tris-HCl, pH 9.0, 200 mM KCl, 25 mM EGTA, 36 mM MgCl 2 , 5 mM dithiothreitol, 50 mg ml À1 cycloheximide, 50 mg ml À1 chloramphenicol) four times for 5 min with 20 ml per ml of agarose beads. After washing, the agarose beads were incubated in 250 ml of wash buffer containing 50 U ml À1 of RNase inhibitor (Promega) and 100 mg ml À1 FLAG peptide (Sigma) at 4 C for 30 min with gentle shaking. Finally the agarose beads were pelleted by centrifugation at 8,200Âg for 30 s. Supernatant was collected and used for RNA extraction.
RNA extraction and reverse transcription-PCR (RT-PCR) analysis
An equal volume of 8 M guanidine hydrochloride was added to the supernatant and vortexed for 3 min, then RNA was precipitated by addition of 1.5 vols. of cold ethanol and stored overnight at -20 C. The overnight sample was centrifuged at 12,100Âg for 45 min at 4 C. The RNA pellet was resuspended in 450 ml of RLT buffer from the Qiagen RNeasy Plant Mini kit and the RNA was recovered according to the Qiagen RNA isolation kit protocol. A 1 mg aliquot of DNase I-treated RNA from total RNA and polysomal RNA were used to synthesize first-strand cDNA. SR gene-specific primers were used for PCR amplification as described earlier (Palusa et al. 2007 ). Similar patterns of splice isoforms and polysomal recruitment presented in Figs. 1, 2 and 3 were observed in different experiments.
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